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Site preference energyAbstract BaFe2O4 spinel type catalyst is synthesized by a simple and inexpensive one-step citrate
gel combustion method, the only method to synthesize soft ferrite other than the Pechini method
reported earlier. The precursor and oxide are well characterized by various techniques such as ther-
mogravimetry–differential thermal analysis, Fourier transform IR, X-ray diffraction, X-ray ﬂores-
cence and scanning electron microscopy. The SEM images conﬁrm coralloid morphology of
BaFe2O4 catalyst. BaFe2O4 catalyst shows high activity for styrene oxidation in the presence of
H2O2 (30%) as an oxidant in acetone as solvent. Gas chromatography and mass spectroscopy anal-
ysis revealed that, conversion of styrene takes place selectively to benzaldehyde up to 88.5 mol% as
major product with 39.9% yield. The optimization and effect of various reaction conditions on sty-
rene conversion and product distribution were also studied. Ultrasonication exposes active sites on
the surface of catalyst and breaks the hydrophobic cluster to make the reagent available. Better cat-
alytic activity of BaFe2O4 is due to different site preference energies of individual ions which depend
on the ionic size of barium (1.35 A˚) and iron (0.67 A˚), the size of interstices and temperature. The
catalyst can be reused with marginal loss in activity.
ª 2014 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Spinel compounds with the general formula of AB2O4 are one
of the most frequently encountered structure types in inorganic
chemistry (Sawada, 1996). Spinel is often used as catalysts for
reactions at elevated temperature due to their high temperature
stability and resistance to sintering (Busca et al., 1997);
MgAl2O4 has been considered as a material for a number of
applications in high radiation environments (Clinard et al.,
1984) such as electrical insulators and dielectric windows in
ﬁssion reactors (Nitani et al., 2003) and so on.bustion
2 R.Y. Pawar, S.K. PardeshiAlkaline earth metal (AEM) ferrites have attracted a consid-
erable attention due to their potential application as magnetic
materials in various electronic, magnetic andmicrowave devices
(Cabuil, 2000; Horvath, 2000; Viswanathan and Murthy, 1990;
Sugimoto, 1999). The wide application of these materials is
mainly due to its excellent chemical stability, high mechanical
durability, and resistant to corrosion (Simmons, 1989). They
have also been employed as heterogeneous catalysts and elec-
trode materials (Bronoel et al., 1980; Grenier et al., 1981). In
order to get high-powered barium ferrite, different synthesis
techniques have been developed, such as micro emulsion (Liu
et al., 1998), hydrothermal reaction (Liu et al., 1999), glass crys-
tallization (Rezlescu et al., 1993), and salt-melt technique (Chin
et al., 1993). The ultraﬁne powder of barium ferrite (BaFe12O19)
was synthesized by a sol–gel combustion technique using gly-
cine gels, the results showed that the formation of single phase
barium ferrite is signiﬁcantly inﬂuenced by Ba/Fe and glycine/
nitrate molar ratio, the phase composition and morphology of
the barium ferrite are conﬁrmed by X-ray diffraction, transmis-
sion electron microscopy (TEM) and high resolution TEM
(Meng et al., 2014). All these methods have many drawbacks
such as small area of deposition, requirement of sophisticated
instruments, high working cost of system, and prolonged calci-
nation time for crystallization. When sol–gel technique (Surig
et al., 1993) is used, we get high-powered ferrite material. The
atomic-level blending of the constituent elements in the required
stoichiometric ratio is attained in the citrate precursor complex,
which enables the decomposition of the precursor directly into
the ﬁnal binary oxide at lower temperature, without the forma-
tion of intermediate oxide phases that delay the formation of the
ﬁnal oxide (Sankaranarayanan et al., 1993).
The synthesis of barium ferrite (BaFe2O4) powder by a sol–
gel combustion technique is the focus of the present work,
since it allows the homogeneous mixing of two metal cations
and it retards particle growth via the formation of surface cit-
rate complexes, inhibiting the agglomeration of the particles.
The catalytic activity of the synthesized catalyst is tested by
using selective oxidation of styrene as a model reaction. Some
oxidants such as KMnO4, CrO3, and HNO3 (Sato et al., 1996,
1997) were applied traditionally to the oxidation of various
substrates, which might result in much serious pollution and
some potential risks in the process of operation. In terms of
atom efﬁciency and environment friendly, after oxygen, aque-
ous hydrogen peroxide (30% H2O2) is a very attractive oxidant
for industrial applications since water is the only by-product,
and it is easy to be dealt with after reactions. Selective oxida-
tion of styrene is successfully carried out over spinel type
CaFe2O4 (Pardeshi and Pawar, 2010) and SrFe2O4 (Pardeshi
and Pawar, 2011) by using 30% H2O2 as oxidizing agent.
In this paper, we attempt to show how BaFe2O4, of Ba-Fe-O
system synthesized by citrate–nitrate gel combustion route,
characterized by various techniques, is better for styrene (one
of the most important pro-chiral alkenes) oxidation reaction in
acetone as solvent using environmentally benign oxidant H2O2.
2. Experimental
2.1. Preparation of catalyst
The starting materials were of A.R. grade Fe(NO3)3Æ9H2O
(99.9%), Ba(NO3)2 (P99%) C6H8O7ÆH2O. The chemicals werePlease cite this article in press as: Pawar, R.Y., Pardeshi, S.K. Selective oxidation of s
method. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.20weighed and mixed according to determined proportion. The
aqueous solutions of ferric nitrate and barium nitrate were
mixed and added slowly with continuous stirring in the aque-
ous solution of citric acid for 30 min at 40 C temperature.
Then the mixed solution was evaporated slowly at high tem-
perature, during which the Fe3+ and nitrate ion provided an
in situ oxidizing environment for carboxylic acids, to form
homogeneous mixture of metal carboxylates. When the reac-
tion completed, the obtained solution was heated in oven for
12 h at 120 C. The brown ﬂuff mass was obtained which
was ground into ﬁne powder and turned into a dried precursor.
Finally, powder of the dried precursor was ignited in a crucible
and followed by calcination at different temperatures for 2 h
with a heating rate of 10 C per minute to obtain barium ferrite
powders.2.2. Physico-chemical characterization
The thermal transformation associated with heat treatment
was studied by a thermo gravimetric-differential thermal anal-
ysis (TG–DTA) performed on a Shimadzu TG–DTA instru-
ment with heating rate of 10 C min1. XRD pattern was
recorded at room temperature by using a D-8 Advance Bru-
ker AXS, diffractometer with Cu Ka radiation
(k= 0.15406 nm) operated at 40 kV and 40 mA, employing
Ni-ﬁlter. Data were collected at 0.02 with counting rate of
5 s per step, in the (2h) range from 20 to 70. The composi-
tion of BaFe2O4 calcined at 900 C for 2 h was determined by
X-ray ﬂuorescence on a pw1400 Philips instrument. The
obtained percentage of elements is compared with the calcu-
lated values.
The FTIR spectra of calcined catalysts were recorded on a
Shimadzu FTIR 8400 equipped with KBr beam splitter spec-
trometer at a resolution of 4 cm1, ﬁnely powdered sample
was mixed with small amount of KBr and pressed under pres-
sure. The results were obtained at ambient temperature in
wavelength range from 4000 to 400 cm1. A model of SEM
JEOL JSM 6360 A was used to record the scanning electron
microscopy (SEM) pattern.
2.3. Catalytic activity
The selective oxidation of styrene was carried out in a three
necked round bottom ﬂask (50 ml) equipped with an X-
crossed Teﬂon coated magnetic stirrer and a reﬂux con-
denser. 10 mmol styrene [99+%, Aldrich], 10 ml acetone,
0.1 g catalyst, 1.0 ml of hydrogen peroxide (30% aq. Merck),
and (Styrene/H2O2)molar = 1 were added successively into the
ﬂask. The ﬂask is then immersed in an oil bath at a ﬁxed
temperature and time. The reaction was carried out for dif-
ferent temperatures and times. The reaction products were
analyzed with a gas chromatograph (Shimadzu QP5050A
instrument) equipped with a DB-5 capillary column and
Quadra pole detector. Helium was used as carrier gas. The
GC injection volume of 2 lL and the split ratio of 25:30 were
used. 3-Nitrotoluene (99+%, Aldrich) is used as an internal
standard. The styrene conversion, product selectivity and the
percentage yield of the desirable product are calculated by
using the equations given elsewhere (Pardeshi and Pawar,
2010).tyrene to benzaldehyde using soft BaFe2O4 synthesized by citrate gel combustion
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3.1. Characterization
3.1.1. TG–DTA study of barium iron citrate precursors
Thermo gravimetric analysis (TGA) and differential thermal
analysis (DTA) were applied to the precursor particles to
determine the transition temperature for the conversion of
the precursor particles to barium ferrite. Fig. 1 shows the
TG/DTG/DTA for the sample prepared by the citrate gel
method.
The thermo chemical behavior and chemical bonding of the
as-synthesized barium ferrite powder were examined by TG–
DTA, the TG curve in the range of 50–900 C is shown in
Fig. 1. The total weight loss is observed up to 59.25% (calcu-
lated 60.57%) and could be attributed to four distinct pro-
cesses. The ﬁrst weight loss observed in the range of 50–
160 C is 6.87% (calculated 6.34%) corresponding to partial
dehydration of precursor. This dehydration step is clearly seen
as a peak in DTG at 196 C. The second weight loss is 21.42%
in the range of 161–230 C corresponding to the loss of
remaining water molecules and partial decomposition of cit-
rate ligand, it matches well with the calculated value of
23.2%. The further weight loss in TG curve is of 20.23% (cal-
culated 21.7%) in the range of 231–361 C, corresponding to
the complete decarboxylation of the precursor into mixed
oxide. This is seen in the form of well deﬁned peak at 284 C
in DTG curve. Finally the barium ferrite is formed at 615 C
by the weight loss of 10.65% which is also in good agreement
with the calculated value of 9.33% because of the evaporation
of adsorbed CO2 gas. This is also seen in the form of well
deﬁned peak at 590 C in DTG curve, which corresponds to
the decarboxylation step. After 615 C no notable weight loss
was found which indicates that BaFe2O4 was formed above
615 C, along with the trace quantity of adsorbed carbon
dioxide.
The DTA curve indicates a broad endothermic peak at
154 C, corresponding to dehydration step. Two exothermic
peaks in DTA curve at 214 C and 291 C are attributed to
the partial dehydration and decomposition of citrate ligand
(46.99% weight loss in TG curve). The whole thermal process100 200 300 400 500 600 700 800
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Figure 1 TG-DTG-DTA analysis of barium iron citrate precur-
sor prepared by the citrate gel combustion method.
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amount of gas, due to vigorous oxidation reaction (Tang
and Yang, 2009). Finally an endothermic peak at 598 C in
DTA indicates the transition of precursor to barium ferrite.
In TG curve after 615 C the slight mass gain is observed
which indicates the adsorption of CO2 on the surface of oxide.
3.1.2. X-ray diffraction study of barium ferrite
Fig. 2 illustrates the XRD pattern of the materials synthesized
by the citrate gel method, calcined at different temperatures.
The sample calcined at 900 C, was identiﬁed as an ortho-
rhombic spinel like phase. According to the index card the
XRD pattern of precursor shows the intense peak at
2h= 23.9 indicating the presence of BaCO3 as shown in
Fig. 2(a) with black dots. When the same precursor was cal-
cined at 600 C and 700 C the new peak appeared around
2h= 28.4 indicating the formation of BaFe2O4 oxide. Fe3O4
(peak shown with +), and BaCO3 were found as intermediate
phases Fig. 2 (b and c). As the calcination temperature
increases to 800 C and 900 C there is a complete disappear-
ance of BaCO3 along with appearance of new peaks at
2h= 28.4, 32.7, 33.2 and 44.16 indicating the formation of
BaFe2O4 (peak shown with
*) which is in good agreement with
the JCPDS card No. 46-0113 from the PDF-2 database
PCPDFWIN, whose lattice parameters are: a= 19.042 A˚,
b= 5.3838 A˚ and c= 8.445 A˚ at 900 C. The calculated crys-
tallite sizes obtained using the Scherrer formula were 40.8 nm
for 800 C (d) and 38.7 nm for 900 C (e), respectively.
3.1.3. X-ray ﬂorescence of BaFe2O4
The elemental composition of the BaFe2O4 prepared by the cit-
rate gel method was analyzed by the X-ray ﬂorescence method.
The percentage composition of the barium and iron is in agree-
ment with the theoretical value. The results are summarized in
Table 1.
3.1.4. Scanning electron microscopy
Fig. 3 shows SEM image of barium ferrite nanoparticles as
synthesized by the citrate gel method. The barium ferrite20 25 30 35 40 45 50 55 60 65 70
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Figure 2 X-ray diffraction pattern of barium iron citrate
precursor (a); barium ferrite powder calcined at 600 C (b);
700 C (c); 800 C (d); 900 C (e).
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Table 1 Elemental analysis of BaFe2O4 catalyst by the X-ray
ﬂorescence method in percentage by weight.
Barium Iron
Calculated Observed Calculated Observed
39.1 38.4 28.8 31.2
Figure 4 FTIR spectra of barium ferrite prepared by the citrate
gel method calcined at different temperatures (a) precursor, (b)
600 C, (c) 700 C, (d) 800 C and (e) 900 C.
4 R.Y. Pawar, S.K. Pardeshicalcined at 700 C and 800 C is single phase material as shown
in Fig. 3(a) and (b). As shown in the SEMmicrograph Fig. 3(c)
and (d), barium ferrite powders annealed at 900 C exhibit
aggregates with coralloid morphology (Xu et al., 2007). When
the SEM images of CaFe2O4 (Pardeshi and Pawar, 2010),
SrFe2O4 (Pardeshi and Pawar, 2011) and BaFe2O4 are com-
pared, it is seen that BaFe2O4 shows coralloid morphology
with outward extending branches having an average diameter,
so the total surface area of the catalyst is more than that of the
other alkaline earth metal ferrites even though they are pre-
pared by the citrate gel combustion method.
3.1.5. FTIR studies
FT-IR spectra for precursor and samples calcined at different
temperatures are shown in Fig. 4. The powders calcined at dif-
ferent temperatures indicate that the calcination temperature
can greatly inﬂuence the formation of barium ferrite. As
shown in Fig. 4(a), no signiﬁcant peak was found between
400 cm1 and 800 cm1, which indicates that no metal oxygen
bond formation takes place in precursor.
The band at 1750 cm1 is assigned to the stretching vibra-
tion mode of C‚O in Fig. 4(a–c). While in Fig. 4(b–e), the
bands around 628–663 cm1 correspond to intrinsic stretching
vibration of metal ion at the tetrahedral site and the band in
the range of 510–516 cm1 is attributed toward the FeAO
bond vibration. Comparing the spectra (a–e) we may notice
that the intensities of C‚O stretching vibration at
1750 cm1 and CAC stretching vibration at about 860 cm1
increases up to sample (c) afterward these bands disappear
completely in the spectrum (d) and (e). The disappearance of
these bands indicates the formation of oxides between 800 C
and 900 C. The bands at 1460 and 1060 cm1 in Fig. 4 (a),Figure 3 Scanning electron microscopy image of barium ferrite
prepared by the citrate gel method calcined at (a) 700 C, (b)
800 C, (c) and (d) 900 C (with different magniﬁcations).
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of the band decreases as the calcination temperature increases
to 800 C and 900 C as shown in Fig. 4d and e. As the calci-
nation temperature increases these carbonate bands were not
observed due to their decarboxylation. There is a band at
2360 cm1 in Fig. 4(d) and (e) which indicates the adsorption
of CO2 on the surface of catalyst, conﬁrming the results of
TG–DTA.
4. Catalytic activity studies
The oxidation of hydrocarbon to oxygenic compounds is a piv-
otal reaction in organic chemistry, both from the fundamental
research and industrial manufacturing point of view. Now,
with respect to both economic and environmental view, much
attention has recently been focused on the aerobic catalytic
oxidation of hydrocarbon to oxygenic compounds using metal
catalysis. The metal ferrites are known to be highly efﬁcient
oxidation catalysts which have been successfully used to heter-
ogeneously catalyze the transfer of an oxygen atom from oxi-
dizing agent into hydrocarbon molecules in organic solvent
(Smith et al., 2006).
BaFe2O4 synthesized by the citrate gel method, character-
ized for the structure, morphology and conﬁrmed to be ﬁne
materials with spinel structure was then used as catalyst to
evaluate its catalytic efﬁciency. The oxidation of styrene to
benzaldehyde is used as a model reaction.
The selective oxidation of styrene proceed via radical chain
mechanism in acetone as a solvent over soft BaFe2O4 catalyst
as reported by Pardeshi and Pawar, 2010 to give benzaldehyde
as a major product. The inﬂuence of various parameters on the
styrene oxidation and the selectivity of product distribution
were studied as follows.
4.1. Inﬂuence of the solvents
The inﬂuence of solvents in the catalytic oxidation of styrene
was studied at 50 C for 18 h in the presence of 30% H2O2tyrene to benzaldehyde using soft BaFe2O4 synthesized by citrate gel combustion
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absence of any solvent, very less styrene conversion was
observed. Subsequently, the reaction was carried out using dif-
ferent solvents like water, methanol, ethanol, acetone and ace-
tonitrile. The results of the effect of the solvents are shown in
Fig. 5. Acetone was found to be a better solvent for this
reaction. Since the solvent can inﬂuence the rate of reaction
by dissolving the reactant molecules and intermediates in solu-
tion. The solvent can also affect the rate by competing with
reactant molecules for active sites on the surface of heteroge-
neous catalyst (Ma et al., 2003). Solvent may stabilize or desta-
bilize transition state and intermediate formed on the surface
of catalyst.
However in the selective oxidation of styrene, when the
reaction is carried out in polar and protic solvents like
C2H5OH, CH3OH and H2O the conversion of styrene takes
place up to 23.4 mol%, 28.7 mol% and 11.8 mol% with the
percentage yield of benzaldehyde as 9.8, 9.4 and 6.8, respec-
tively. When the same reaction is carried out in polar and
aprotic solvent like acetone the styrene conversion increases
up to 45 mol% along with 88.5 mol% of selectivity and 40%
yield of benzaldehyde, respectively. On the other hand,
CH3CN is the next best polar and aprotic solvent from the
viewpoint of selectivity of styrene oxide, 82.6 mol%, with
respect to 15.7 mol% styrene conversion. It may be due to
the fact that polar solvent like acetone with convenient liquid,
dissolves a wide range of reactants and activated complex com-
pounds are solvated without any complications. As a result the
activation energy decreases and the rate of the reaction
increases. Secondly in this reaction the desirable product,
(benzaldehyde) is more polar than the reactant (styrene), so
the reaction is accelerated in the presence of polar aprotic
solvents like acetone.
4.2. Inﬂuence of reaction time
The styrene conversion and product selectivity are plotted as a
function of reaction time, at 50 C, styrene/H2O2 (30%) molarACN Acetone EtOH MeOH H2O
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Figure 5 Effect of solvents on styrene conversion and product
selectivity over BaFe2O4 catalyst, (a) styrene conversion, (b)
selectivity of benzaldehyde, (c) phenyl acetaldehyde, (d) others and
(e) yield of benzaldehyde.
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catalyst. Under these reaction conditions, the reaction was car-
ried out by varying the time from 6 h to 42 h. The results are
shown in Fig. 6. It is found that at 6 h the conversion of sty-
rene is only 4 mol% with 4% yield of benzaldehyde. As the
reaction time increases to 12 h, styrene conversion increased
to 7 mol% with 100 mol% selectivity of benzaldehyde. At
18 h styrene conversion increases up to 45.1 mol%, while the
selectivity and yield of benzaldehyde are 88.6 mol% and
39.9%, respectively, along with the formation of byproducts
like phenyl acetaldehyde and 1-phenyl-1, 2-ethanediol up to
9.5 mol% and 2 mol%, respectively. If the same reaction was
run for 24, 30, 36 and 42 h, marginal increment is observed
in styrene conversion i.e. 48.3 mol%, 50.0 mol%, 53.0 mol%
and 55.0 mol%, but the selectivity of benzaldehyde suddenly
decreases to 83.3 mol%, 80.0 mol%, 67.3 mol% and
66.1 mol%, respectively. The result indicates that as the reac-
tion runs for long time the selectivity of byproducts increases
up to 34 mol% at 42 h. This may be due to the complete
exhaustion of H2O2 in the reaction mixture as the reaction runs
for long duration (Kumar et al., 1995). Moreover, the impuri-
ties were also found to be formed when the reaction was
allowed to run for long time. From the results it can be con-
cluded that at 18 h the selectivity of benzaldehyde is better with
respect to styrene conversion.
4.3. Inﬂuence of reaction temperature
The selective oxidation of styrene was carried out in the tem-
perature range 30–80 C to know the effect of temperature
on the conversion of styrene and the selectivity of products
(Fig. 7). The reaction when carried out at 30 C, 14.5 mol%
of styrene conversion takes place. The selectivity of benzalde-
hyde is 91.2 mol%, while the percentage yield of benzaldehyde
is only 13.2. At 40 C temperature the styrene conversion
increases up to 26.3 mol%, while the selectivity and yield of
benzaldehyde are 89.5 mol% and 23.6%, respectively. When
the same reaction was carried out at 50 C, styrene conversion
steeply increases up to 45.0 mol% with 88.5 mol% selectivity6 12 18 24 30 36 42
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Figure 8 Effect of styrene/H2O2 molar ratio on styrene conver-
sion and product selectivity over BaFe2O4 catalyst, (a) styrene
conversion, (b) selectivity of benzaldehyde, (c) phenyl acetalde-
hyde, (d) others and (e) yield of benzaldehyde.
6 R.Y. Pawar, S.K. Pardeshiof benzaldehyde. The percentage yield of benzaldehyde also
increases to 40. Further increment in temperature to 60 C,
70 C and 80 C results in a marginal increment in styrene con-
version observed as 45.6 mol%, 48.2 mol% and 54.3 mol%,
but the selectivity of benzaldehyde is prominently reduced to
81.5 mol%, 65.6 mol% and 51.4 mol%.
These results indicate that the cleavage of C‚C bond is
favorable with an increase in temperature up to 50 C, but
however at high temperature (80 C) instead of C‚C bond
cleavage, CAO bond cleavage is done preferably, which results
in an increase in byproduct like phenyl acetaldehyde and
1-phenyl-1, 2-ethanediol up to 48.6 mol%.
4.4. Inﬂuence of molar ratio of styrene/H2O2
The liquid phase selective oxidation of styrene was carried out
with different molar ratios of styrene to H2O2. In all the cases,
benzaldehyde is obtained as a major product along with sty-
rene oxide and acetophenone as byproduct. It is observed that
the highest conversion of styrene (45.1 mol%) as well as selec-
tivity (88.5 mol%) and yield (39.9%) of benzaldehyde are
obtained at styrene to H2O2 molar ratio 1:1 over BaFe2O4
catalyst at 50 C for 18 h; as shown in Fig. 8. The strong inter-
action between catalyst and H2O2 inhibits the coordination of
substrate and enhances desorption of the products from the
active sites, which prevents the deep oxidation of benzaldehyde
to benzoic acid. As the molar ratio of styrene is increased (2:1)
the conversion of styrene is decreased, while the selectivity of
benzaldehyde is comparatively more this may be due to less
concentration of H2O2 which has to compete with more sty-
rene. However, the styrene conversion is increased to
52.4 mol% for the styrene/H2O2 molar ratio 1:2 but the selec-
tivity as well as the yield of benzaldehyde decrease to
44.6 mol% and 23.4%, respectively. Due to further increase
in the concentration of H2O2 (1:3) marginal increment in the
styrene conversion is observed i.e. 55.33 mol% but the selectiv-
ity and yield of benzaldehyde are distinctly decreased to0
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Figure 7 Effect of reaction temperature on styrene conversion
and product selectivity over BaFe2O4 catalyst, (a) styrene conver-
sion, (b) selectivity of benzaldehyde, (c) phenyl acetaldehyde, (d)
others and (e) yield of benzaldehyde.
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to the excess concentration of H2O2 which enhances the rate
of conversion of styrene, but at the same time excess water
from 30% H2O2 hydrolyzed the intermediate i.e. styrene epox-
ide to form 1-phenyl-1,2-ethanediol.
4.5. The role of catalytic amount
In order to check the effect of the amount of catalyst during
the selective oxidation of styrene, the reaction was carried
out in acetone as reaction medium with 25, 50, 100, 150 and
200 mg of catalyst for 18 h and 50 C. The percentage conver-
sion and percentage selectivity are shown in Fig. 9. The effect
of amount of catalyst was studied keeping all other parameters
(reaction time, temperature, mole ratio of substrate: H2O2)
constant. It can be seen from Fig. 9 that % conversion of sty-
rene is 6.5 with 6.3% yield for 25 mg of catalyst. For 50 mg of
catalyst the styrene conversion increases to 12.7 mol% with
11.6% yield. For the same reaction when carried out by using
100 mg of catalyst the styrene conversion suddenly increases to
45.1 mol% with 88.5 mol% selectivity and 39.9% yield. Upon
further increase in catalytic amount up to 150 mg and 200 mg,
catalyst shows lower styrene conversion of 36.4 mol% and
27.7 mol% with 30.3% and 22.8% yield of benzaldehyde,
respectively. At the lower catalyst loadings, the increase in
the styrene conversion with the catalyst loading is due to the
availability of more surface area, which enhances the styrene
oxidation rate. However, at the higher catalyst loadings, the
H2O2 decomposition rate is much higher than that at lower
loading due to which sufﬁcient H2O2 is not available for the
oxidation, which ultimately leads to a lower styrene conver-
sion. Also, at higher amount of catalyst adsorption or chemi-
sorptions of two reactants on separate catalyst particles may
be done, thereby reducing the chance to interact with each
other, resulting in lowering the activity. Thus the catalyst load-
ing (0.1 g) has an optimum value for obtaining the highest sty-
rene conversion in the oxidation.tyrene to benzaldehyde using soft BaFe2O4 synthesized by citrate gel combustion
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Figure 9 Effect of amount of catalyst on styrene conversion and
product selectivity over BaFe2O4 catalyst, (a) styrene conversion,
(b) selectivity of benzaldehyde, (c) phenyl acetaldehyde, (d) others
and (e) yield of benzaldehyde.
H2O2 t-BuOOH UHP
0
10
20
30
40
50
60
70
80
90
Co
nv
er
sio
n/
 S
el
ec
tiv
ity
/ Y
ie
ld
 (M
ol%
)
Oxidants
 a  b  c  d               e
Figure 10 Effect of oxidizing agent on styrene conversion and
product selectivity over BaFe2O4 catalyst, (a) styrene conversion,
(b) selectivity of benzaldehyde, (c) phenyl acetaldehyde, (d) others
and (e) yield of benzaldehyde.
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Figure 11 Effect of sonication time on styrene conversion and
product selectivity over BaFe2O4 catalyst, (a) styrene conversion,
(b) selectivity of benzaldehyde, (c) phenyl acetaldehyde and (d)
yield of benzaldehyde.
Selective oxidation of styrene to benzaldehyde 74.6. Effect of oxidizing agents
The effect of different oxidants on the catalytic activity of
BaFe2O4 toward styrene conversion and product distribution
is also studied. Different oxidants such as H2O2, Urea-H2O2
(UHP) and tert-BuOOH were used as the oxygen source in
acetone as solvent. The results are shown in Fig. 10. In the
presence of 30% H2O2 the reaction proceeds with 45.1 mol%
styrene conversion and 88.5 mol% selectivity of benzaldehyde,
while the yield of benzaldehyde under this condition is 39.9%.
When the same reaction was carried out in the presence of tert-
BuOOH as oxidizing agent the styrene conversion takes place
up to 38.6 mol%, but the selectivity of benzaldehyde decreased
to 81.6 mol% with 31.5% yield. In the presence of ureated
hydrogen peroxide (UHP), the styrene conversion reduced to
26.4 mol% with 74.2 mol% selectivity and 19.6% yield of
benzaldehyde, respectively. In terms of percentage yield of
benzaldehyde, the oxidizing agents show the efﬁciency in the
order of H2O2 (30%) > tert-BuOOH>UHP. Among these
oxidants H2O2 (30%) shows the better performance since it
can give good oxidation conversion; moreover it generates
only water as by-product; and it has high content of active
oxygen.
4.7. Effect of sonication time
To examine the inﬂuence of ultrasonic treatment on the activ-
ity of barium ferrite, it was sonicated for different times in the
reaction solvent and then the styrene and H2O2 were added
successively in the reaction vessel. The results are shown in
Fig. 11. When the catalyst is used without sonication the sty-
rene conversion is 25.1 mol% with 90 mol% selectivity and
22.8% yield of benzaldehyde. The same catalyst when used
by ultrasonic treatment for 5, 10 and 15 min the styrene con-
version gradually increases from 29.4 mol% to 45 mol% along
with increase in % yield from 26.3% to 39.9%, respectively.
When the same reaction was carried out over the catalystPlease cite this article in press as: Pawar, R.Y., Pardeshi, S.K. Selective oxidation of st
method. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.201which is sonicated for 20 min, the styrene conversion increases
marginal to 45.6 mol% with reduction in the selectivity of
benzaldehyde to 83.5 mol% and 38% yield. Sonication mostly
affects reaction rate, yield and in some cases even the ratio of
reaction products. This is due to the exposure of active sites on
the surface of catalyst which may enhance the adsorption of
styrene and H2O2, bring mechanical effects and induce cavities,
which promotes the reactions. Secondly, the reaction proceeds
in the presence of acetone and aqueous H2O2 which is hydro-
phobic in nature. In hydrophobic reactions normally the
reagents get hidden inside the clusters due to which they are
unavailable for the reaction. On ultrasonic treatment, ultra-
sound breaks these hydrophobic clusters, which make the
reagent again available and thus acceleration of the reaction
is observed.yrene to benzaldehyde using soft BaFe2O4 synthesized by citrate gel combustion
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Figure 12 Effect of reusability on styrene conversion and
product selectivity over BaFe2O4 catalyst, (a) styrene conversion,
(b) selectivity of benzaldehyde, (c) phenyl acetaldehyde, (d) others
and (e) yield of benzaldehyde.
8 R.Y. Pawar, S.K. Pardeshi5. Comparison of catalytic activity of AEM ferrites toward the
selective oxidation of styrene
The selective oxidation of styrene to benzaldehyde is carried
over the surface of a number of transition metal ferrites such
as NiFe2O4 and ZnFe2O4. (Guin et al., 2005; Ramanathan
and Sugunan, 2007) along with the alkaline earth metal ferrites
like MgFe2O4 (Ma et al., 2003), CaFe2O4 (Pardeshi and
Pawar, 2010), SrFe2O4 (Pardeshi and Pawar, 2011) and BaFe2-
O4. In comparison with transition metal ferrites, (AEM) fer-
rites show better catalytic activity because as it is known in
most of the cases the catalytic activity of the catalyst depends
on the chemical composition or cation distribution between
the tetrahedral and octahedral site. Also, it may be due to
the relative size of ion compared to the size of the lattice site
and the site preference energy value of individual cation
toward the A and B sites of the catalyst (Baldha et al.,
2002). In case of divalent metal ions most of them are having
smaller atomic size than the ionic size of Fe3+ ions. In
transition metal ferrites, Fe2+ and Fe3+ are present in octahe-
dral and tetrahedral coordination, while in alkaline earth metal
ferrites; Fe3+ is present only in tetrahedral coordination
(Candeia et al., 2007). Among various alkaline earth metal fer-
rites, BaFe2O4 is found to be a better catalyst even though they
are prepared by same method (citrate gel combustion method).
In case of BaFe2O4 (present work) 45.1 mol% of styrene con-
version is observed with 88.5 mol% selectivity and 39.9% yield
of benzaldehyde. While in case of MgFe2O4 (Ma et al., 2003)
only 13.5 mol% styrene gets converted with 47.1 mol% selec-
tivity and 6.46% yield of benzaldehyde. When the same reac-
tion was carried under the similar experimental conditions
over the surface of CaFe2O4 (Pardeshi and Pawar, 2010) the
styrene conversion and % yield of benzaldehyde are
37.9 mol% and 91.1 respectively, while in case of SrFe2O4
(Pardeshi and Pawar, 2011) the styrene conversion and % yield
of benzaldehyde are 63.7 mol% and 32.4, respectively. Along
with the cation distribution the catalytic activity depends on
the size of the ions. In case of barium ferrite the ionic size is
1.35 A˚ which is greater than the ionic size of Mg (0.78 A˚),
Ca (0.85 A˚) and Sr (1.13 A˚). The divalent metal ions are gen-
erally larger in size than trivalent metal ions. The octahedral
sites are also larger than tetrahedral sites, in other ferrites,
Fe2+ and Fe3+ are present in octahedral and tetrahedral coor-
dination, while, in case of barium ferrite ionic size of Ba is
1.35 A˚ which is comparatively greater than iron (0.67 A˚) which
is present only in the tetrahedral coordination. Due to this
variation in ionic size the BaFe2O4 may be showing the best
catalytic activity among all the AEM ferrites.
6. Reusability of catalyst
The reusability of the BaFe2O4 is checked by using the utilized
catalyst in the next cycles. Catalyst deactivation may occur due
to chemical, mechanical and thermal reasons (Sato et al.,
1996). The chemical deactivation is common in catalyst and
caused by strong chemisorptions of species which blocks the
active sites of the catalyst. In the ﬁrst cycle at optimized con-
ditions the styrene conversion and selectivity of benzaldehyde
are up to 45.1 mol% and 88.5 mol%, respectively. BaFe2O4
was used after simple ﬁltration for separation and washing
with water and acetone and drying at 150 C. The catalystPlease cite this article in press as: Pawar, R.Y., Pardeshi, S.K. Selective oxidation of s
method. Arabian Journal of Chemistry (2014), http://dx.doi.org/10.1016/j.arabjc.20was used at least for three cycles by 13.5% loss in activity,
the results are shown in Fig. 12; furthermore the XRD pattern
(not shown) of the reused catalyst was identical to that of the
original, indicating that the crystallinity of the catalyst was not
affected during the reaction.
7. Conclusions
BaFe2O4 spinel type catalyst is synthesized by the citrate-gel
combustion method, the only method to synthesize soft ferrite
other than the Pechini method. Thermal analysis of barium
iron citrate precursor gives the information about the temper-
ature (900 C) at which the formation of barium ferrite takes
place. The elemental analysis by XRF and metal oxygen
stretching frequencies are conﬁrmed by FTIR. The morphol-
ogy by SEM suggests that the catalyst shows coralloid mor-
phology with outward extending branches. XRD analysis
conﬁrmed the formation of single phase BaFe2O4 with trace
quantity of adsorbed CO2.
The catalytic activity studies show that BaFe2O4 is an efﬁ-
cient catalyst for selective oxidation of styrene in acetone as a
solvent, in the presence of 30% H2O2 as oxidizing agent, which
exhibits high activity and high selectivity. The styrene oxida-
tion catalyzed by BaFe2O4 without using any phase transfer
catalyst leads to the conversion of styrene up to 45.1 mol%
along with the selectivity of benzaldehyde (88.5 mol%) with
39.9% yield as major product, while obtaining styrene oxide
(9.5 mol%) as minor product, which quickly isomerizes into
phenyl acetaldehyde.
Temperature 50 C, time 18 h, styrene/H2O2 molar ratio as
1, aprotic and polar solvent like acetone, and catalyst amount
0.1 g, favor the selective oxidation of styrene.
Solvents have marked inﬂuence on the product distribution
in selective oxidation of styrene; acetone seems to be the best
solvent. The selectivity of benzaldehyde with respect to per-
centage yield for various solvents is in the order
CH3COCH3 > CH3CN> C2H5OH> CH3OH>H2O.tyrene to benzaldehyde using soft BaFe2O4 synthesized by citrate gel combustion
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Selective oxidation of styrene to benzaldehyde 9The strong interaction between catalyst and H2O2 inhibits
the coordination of substrate and enhances desorption of the
products from the active sites, which prevents the deep oxida-
tion of benzaldehyde to benzoic acid. The ultrasonication of
reaction mixture exposes the active sites on the surface of cat-
alyst, which enhances the adsorption of styrene, H2O2 and pro-
motes the reaction. It also breaks the hydrophobic cluster and
makes the reagents available to accelerate the reaction.
BaFe2O4 is found to be a better catalyst among all alkaline
earth metal ferrites like MgFe2O4 CaFe2O4 and SrFe2O4 it
may be due to different site preference energies of individual
ions which depend on the ionic size of barium (1.35 A˚) and
iron (0.67 A˚). Due to this almost all the Ba2+ ions occupy
the octahedral lattice and equal number of Fe3+ ions occupies
the tetrahedral lattice.
The catalyst could be used at least for three cycles with
marginal (13.5%) loss in activity. The XRD pattern of the
reused catalyst was identical to that of the original indicating
that the crystallinity of the catalyst was not affected during
the reaction.
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